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Several groups are carrying out experiments to observe and measure vacuum magnetic birefringence, predicted by Quantum Electrodynamics (QED). We have started running the new PVLAS apparatus installed in Ferrara and have measured a noise floor value for the unitary field magnetic birefringence of vacuum ∆n . From this measurement one can extract a new limit on Ae, the parameter describing non linear effects in QED: Ae < 65 × 10 −24 T −2 . This result represents an improvement by a factor 20 in comparison to previous measurements and reduces to a factor 50 the gap to be overcome to measure for the first time the value of Ae predicted by QED: Ae = 1.32 × 10 −24 T −2 . These birefringence measurements also yield an almost ten-fold improvement on model-independent bounds on the coupling constant of axion-like particles to two photons, for masses greater than 1 meV, along with a factor two improvement of the limit on millicharged particles (fermions and scalars), including neutrinos. 
I. INTRODUCTION
Non linear electrodynamic effects in vacuum have been predicted since the earliest days of Quantum Electrodynamics (QED), a few years after the discovery of positrons [1] [2] [3] . One such effect is vacuum magnetic birefringence [4] , closely connected to light-light interaction. This effect is due to the magnetic polarizability of vacuum associated to the zero-point fluctuations of charged fermion fields. Virtual electron-positron pairs account for most of vacuum magnetic birefringence. The overall effect is extremely small and has never yet been observed directly. The birefringence induced by an external magnetic field B is given, to the lowest order, by the simple expression [4] ∆n
where the parameter A e determines the strength of the non-linear terms in the QED Lagrangian [1] :
where
Hereλ e is the Compton wavelength of the electron, α = e 2 /( c4πǫ 0 ) the fine structure constant, m e the electron mass, c the speed of light in vacuum, and µ 0 the magnetic permeability of vacuum.
In analogy to what is done for the Cotton-Mouton effect (for a review see [5] ), one can define the unitary field magnetic birefringence of vacuum ∆n (vac) u by dividing the vacuum magnetic birefringence (1) by B 2 . Indeed vacuum magnetic birefringence depends on B 2 as do the Cotton-Mouton effect, axion-like particle (ALP) induced birefringence and millicharged particle induced birefringence. These last two hypothetical effects represent new physics beyond the Standard Model and can be searched for in a model independent way with an apparatus such as PVLAS [6] [7] [8] [9] [10] .
The ellipticity ψ induced on a beam of linearly polarized laser light of wavelength λ which traverses a vacuum region of length L, where a magnetic field B orthogonal to the direction of light propagation is present, is given by [11] [12] [13] [14] [15] 
where ϑ is the angle between the directions of the polarization vector and of the magnetic field vector and N is the number of times the medium is traversed by the light.
An ellipsometric method to observe vacuum magnetic birefringence was proposed by E. Iacopini and E. Zavattini in 1979 [11] . Experimental attempts started in the nineties [6, 12] and several are ongoing [9, 10, [13] [14] [15] [16] . The nonlinear parameter A e can also be measured by direct light-light scattering experiments [17] [18] [19] [20] [21] [22] . Neither method has reached the capability of detecting this fundamental nonlinear effect in QED vacuum regarding light by light interaction. Presently published limits on A e determined from ellipsometric experiments are reported in Table I . In this letter we report on a significant improvement obtained after the commissioning of the new PVLAS experimental setup installed at the INFN section of Ferrara. We have obtained a new upper limit for the parameter A e , which improves by a factor of about 20 on the previously published results:
The principle of the experiment is explained in [11, 14] . The calibration of the apparatus has been done by measuring the Cotton-Mouton effect of O 2 and He gases at low pressures and controlling their consistency with the values present in literature. In this paper we briefly summarize the main features of the new experimental setup and focus on the measurements giving a new conservative upper limit on A e .
II. EXPERIMENTAL METHOD AND APPARATUS
The upper and lower panels of figure 1 show a schematic top view and a photograph of the apparatus.
A solid state Nd:YAG NPRO laser (λ = 1064 nm) injects linearly polarized light into the ellipsometer which is installed inside a high vacuum enclosure. The ellipsometer consists of an entrance polarizer P and an analyzer A set to maximum extinction. Between P and A are installed the entrance mirror M1 and the exit mirror M2 of a Fabry-Perot 3.303 m long cavity FP with ultra-high finesse F ≈ 670000 [24] . The light back-reflected by the FP is detected by the photodiode PRF, and is used by a feedback system which locks the laser frequency to the FP with a variant of the Pound-Drever-Hall technique [25] . The resonant light between the two mirrors traverses the bore of two identical permanent dipole magnets (see Table II ). The magnets can rotate around the FP cavity axis so that the magnetic field vectors of the two magnets rotate in planes normal to the path of the light stored in the cavity. The motors driving the two magnets are controlled by two phase locked signal generators. The same signal generators trigger the data acquisition. The magnetic field of the magnets induce a birefringence on the medium in the bores; the FP enhances the ellipticity acquired by the light by a factor N = 2F /π. Due to the rotation of the magnetic field, the induced ellipticity varies harmonically at twice the rotation frequency of the magnets [see the dependence of ψ from 2ϑ in equation (4)]. Given the parameters of our apparatus (λ = 1064 nm, B 2 dl = 10.25 T 2 m) the predicted ellipticity generated by vacuum magnetic birefringence after a single passage of the light through the magnets is ψ single = 1.2 × 10 −16 . The FP cavity multiplies the single pass ellipticity ψ single by a factor N = 4.3 × 10 5 , resulting in an ellipticity to be measured of ψ (QED) = 5 × 10 −11 . A photo elastic modulator (PEM) then adds a known oscillating small ellipticity η(t) of amplitude η 0 ≈ 10
at a fixed frequency Ω PEM ≈ 314 krad/s. Under these conditions the intensity I out (t) of the light emerging from the analyzer A is (6) where I 0 represents the light power reaching the analyzer, σ 2 (nominally 10 −7 ) is the extinction ratio of the two polarisers and α(t) describes the slowly varying spurious ellipticities present in the apparatus. As can be seen, the introduction of the PEM linearises the ellipticity signal which would otherwise be quadratic. The light emerging from the analyzer is collected by the photodiode PEXT.
The most important Fourier components of I out (t) come from the terms 2η(t)ψ sin 2ϑ(t) and η(t)
2 . The first of these terms results in the beating of the ellipticity induced by the PEM (at Ω PEM ) and the ellipticity induced by the rotating magnets (at 2Ω Mag ). The term η(t)
2 generates a Fourier component at 2Ω PEM .
During acquisition the photodiode signal coming from PEXT is demodulated at the frequency Ω PEM and at its second harmonic 2Ω PEM . Both these demodulated signals, respectively I ΩPEM (t) and I 2ΩPEM (t), are acquired by a data acquisition system together with the ordinary beam intensity I 0 exiting the analyzer A. With the DC component of I 2ΩPEM (t), indicated as I 2ΩPEM (DC), and I ΩPEM (t) the ellipticity signal ψ(t) can be determined by the equation
With the magnets rotating at Ω Mag , a magnetically induced birefringence generates a Fourier component of ψ(t) at 2Ω Mag . Magnetic field sensors and laser locking signals are also acquired to determine the phase of ψ(t) and for diagnostics. These signals are sampled at 32 times the rotation frequency of the magnets (typically 3 Hz) by a 16 bit multi channel ADC board.
The vacuum system must guarantee that the presence of residual gas species do not mask vacuum magnetic birefringence. Indeed the Cotton-Mouton effect induces a magnetic birefringence in gases which depends on B 2 exactly like vacuum magnetic birefringence. The magnetic birefringence of gases also depends linearly on pressure. In Table III the equivalent partial pressures P eq which would mimic a vacuum magnetic birefringence for various gases [5, [26] [27] [28] are reported. The vacuum system must maintain these species well below their vacuum equivalent pressures. This is done by a combination of turbo molecular pumps (switched off during data taking) and non-evaporable getter pumps. The working pressure is below 10 −7 mbar, the main residual gas species being water. 
III. CALIBRATION
Calibration of the apparatus is done using the CottonMouton effect. In this case we used low pressure oxygen, which gives large signals. More importantly, we have also checked the calibration of the apparatus with low pressure helium, so as to induce a small ellipticity and demonstrate the sensitivity of the entire system. The lowest pressure of helium used was P (He) = 32 µbar. Considering that the unitary birefringence (B = 1 T and pressure = 1 atm) of helium due to the Cotton-Mouton effect is ∆n [26, 27] , the birefringence induced @ B = 2.5 T and P = 32 µbar is ∆n (He) = 3.9×10 −20 . In figure 2 the Fourier transform of the measured ellipticity signal ψ(t) is shown. There is a clear peak at 2Ω Mag , corresponding to an ellipticity of (1.13 ± 0.13) × 10 −7 , with no spurious peaks present at other harmonics. Given the values of F , λ, and B 2 dl, from the amplitude of the He peak at 32 µbar, the value of ∆n u for helium results to be ∆n [5, 26, 27] . It must be noted that this value is obtained from a single low pressure point. Other two low pressure points were also taken. Figure 3 shows a graph of ∆n (He) /B 2 as a function of pressure P . The calibration process also allows the determination of the physical phase of the Fourier components: the el- lipticity induced by a magnetic birefringence is maximum when the magnetic field is at ϑ = ±45
• with respect to the polarisation direction. Since a magnetic birefringence can be either positive or negative, the physical phase is determined mod 180
• . A magnetically induced birefringence must have a phase consistent with the calibration phase. The ellipticity amplitudes determined from the Fourier transforms of the data obtained in vacuum are therefore projected along the physical and the nonphysical axes.
IV. RESULTS
The data presented in this paper have been collected by rotating the two magnets at frequencies ranging from 2.4 Hz to 3 Hz for a total of 210 hours. Of these, 40 hours have been acquired with the magnets rotating at slightly different frequencies so as to check that neither of the two was generating spurious signals.
The data analysis procedure is as follows:
1) For each run, lasting typically one day, the acquired signals are subdivided in blocks of 8192 points (256 magnet revolutions) and a Fourier transform of the ellipticity signal ψ(t), calculated using equation (7), is taken for each block.
2) For each block, the average noise in the ellipticity spectrum around 2Ω Mag is taken. The ellipticity amplitude noise follows the Rayleigh distribution
2σ 2 , in which the parameter σ represents the standard deviation of two identical independent Gaussian distributions for two variables x and y and ρ = x 2 + y 2 . In our case x and y represent the projections of the ellipticity noise along the physical and the non-physical axes. The average of P (ρ) is related to σ by P = σ π/2. For each data block σ is determined. This value is used in the next step as the weight for the ellipticity value at 2Ω Mag .
3) For each run, a weighted vector average of the Fourier components of the ellipticities at 2Ω Mag , determined in step 2), is taken.
4) Using the values for F , B
2 dl, and λ for each run, ∆n/B 2 and σ/B 2 are determined. The value of ∆n/B 2 is then projected onto the physical and nonphysical axes. These values are plotted in figure 4 . 
This new limit is about a factor 50 from the predicted QED value of equation (3), A e = 1.32 × 10 −24 T −2 , and a factor of about 20 better with respect to the previously published limits.
V. DISCUSSION AND CONCLUSIONS

A. QED
We have reported here on a significant improvement on the limit of non linear electrodynamic effects in vacuum. In the Euler-Heisenberg framework we are now only a factor 50 away from the theoretical parameter, A e = 1.32 × 10 −24 T −2 , describing these effects. This measurement represents the best limit on vacuum magnetic birefringence obtained so far. Our new limit is A e < 65 × 10
In figure 5 we compare previously published results with our new value and with the predicted QED effect. Always in the Euler-Heisenberg framework, the elastic photon-photon total cross section for non polarized light also depends directly on A e . In the limit of low energy photons, E γ ≪ m e c 2 [29] [30] [31] ,
From the experimental bound on A e one can therefore also place an upper bound on σ γγ : σ γγ < 4.6 × 10 −66 m 2 = 4.6 × 10 −23 fb @ 1064 nm (12) Although the sensitivity of our apparatus is far from its theoretical shot noise limit, integration in the absence of spurious peaks at the frequency of interest has allowed this significant improvement. Such a long integration time has been possible thanks to the choice of using high field permanent dipole magnets which do not need any kind of power supply or cooling. At present the ellipsometric technique is the most sensitive one for approaching low-energy non-linear QED effects. Efforts will now go into the improvement of the sensitivity.
B. Axion like particles
To set new model independent limits on the coupling constant of axion-like particles (ALP) to two photons, only the runs with both magnets rotating at the same frequency were used, so that the total field length could be taken as the sum of the two magnet lengths.
The magnetic birefringence induced by low mass axionlike particles can be expressed as [6] ∆n
where g a is the ALP -2 photon coupling constant, m a its mass, x = : Updated exclusion plot for axion-like particles obtained from model-independent experiments. In green, limits from the ALPS collaboration [32] ; in blue, limits from dichroism measurements performed by PVLAS at LNL [7] ; in red, limits from the ellipticity measurements performed with the test setup in Ferrara [14] . The results described in this paper lead to a new bound, shown in brown.
In the approximation for which x ≪ 1 (small masses) this expression becomes
whereas for x ≫ 1 ∆n (vac:ALP) = g 
From our limit on ∆n Figure 7 : Updated exclusion plot for scalar and fermion millicharged particles. In blue is the previous limit taken from [36] and in red our new limits. The two branches of each of the red ellipticity curves are not connected in the mass range around χ ≃ 1 (dotted black line), where the difference of the indices of refraction changes sign.
Slightly better exclusion plots can also be derived from ∆n (vac) u for fermion and scalar millicharged particles. The vacuum magnetic birefringence due to the existence of such hypothetical millicharged particles can be calculated following [33] [34] [35] . By defining the ratio of the charge q of such particles to the charge of the electron ǫ = q/e and χ as
